Multiuser communication is demonstrated using experimental data (450-550 Hz) collected in deep water, south of Japan. The multiple users are spatially distributed either in depth or range while a 114 -m long, 20-element vertical array (i.e., base station) is deployed to around the sound channel axis ($1000 m). First, signals received separately from ranges of 150 km and 180 km at various depths are combined asynchronously to generate multiuser communication sequences for subsequent processing, achieving an aggregate data rate of 300 bits/s for up to three users. Adaptive time reversal is employed to separate collided packets at the base station, followed by a single channel decision feedback equalizer. Then it is demonstrated that two users separated by 3 km in range at $1000 m depth can transmit information simultaneously to the base station at $500 km range with an aggregate data rate of 200 bits/s.
I. INTRODUCTION
Over the last decade time reversal [1] [2] [3] [4] (TR) has been studied extensively for phase coherent communication as an alternative to the use of multichannel decision feedback equalizers 5 (M-DFEs) in underwater environments. TR, either active or passive, exploits spatial diversity to achieve spatial and temporal focusing in rich multipath environments (e.g., shallow water), albeit not perfect. Temporal focusing (pulse compression) mitigates intersymbol interference (ISI). When subsequently cascaded with a single channel decision feedback equalizer (DFE) to remove the residual ISI, TR communication can provide nearly optimal performance (similar to M-DFEs) in theory. Considered in this paper, passive TR as illustrated in Fig. 1 essentially is equivalent to active TR with the communications link being in the opposite direction.
An additional benefit of TR is that the spatial focusing property facilitates multiuser or multi-access communications without the explicit use of time, frequency, or code division [e.g., coded-division multiple access (CDMA) 6 ] which inevitably sacrifices data throughput to ensure multiuser separability at the detectors. Provided multiple users are well-separated in range and depth from each other compared to the focal size in a complex environment, each user can transmit information simultaneously to the passive time reversal receive array which corresponds to a base station. 7 Similar to ISI, however, spatial focusing is not perfect and crosstalk among users or multi-access interference (MAI) cannot be eliminated completely using the conventional TR approach. Consequently, an adaptive TR approach has been developed that mitigates the MAI by exploiting knowledge of the channel from each user at the base station. 8 Adaptive TR followed by a single channel DFE has been applied successfully to various examples of multiuser communication data collected in shallow water environments 3, 9, 10 and recently extended to time-varying channels. 11 The motivation of this paper is to investigate adaptive TR-based multiuser communication in a long-range deep water environment. To accomplish this objective, a multiuser acoustic communication experiment (450-550 Hz) was conducted in deep water ($5000 m), south of Japan, in November 2010. The experiment involved two sources and a vertical receive array (VRA), separated by both short (150 km and 180 km) and long (500 km) distances. While being positioned around the sound channel axis ($1000 -m), the 20-element VRA was 114 -m long spanning about 2% of the water column, in contrast with about 50% in previous shallow water experiments. 9, 10 Two different analyses are presented for multiuser communication in deep water. First, to provide a baseline comparison between multiuser and single-user decoding performance, single-user receptions are combined asynchronously to create multiuser communication sequences at short ranges for up to three users where the multiple users are distributed either in depth or range. Then it is demonstrated that two users separated horizontally by 3 km at the sound channel axis ($1000 m) can transmit communication sequences simultaneously to the base station at 500 km range, achieving an aggregate data rate of 200 bits/s. a) Author to whom correspondence should be addressed. Electronic mail:
tshimura@ucsd.edu Section II reviews conventional and adaptive time reversal approaches whose performance will be investigated in Sec. IV. Section III describes the multiuser communication experiment conducted in deep water. Section IV presents multiuser communication results using synthetically combined data and then simultaneously transmitted data, followed by summary. 
II. MULTIUSER COMMUNICATION USING TIME REVERSAL A. Conventional time reversal
where * denotes convolution. When m ¼ n, the q(t)-function reduces to the summation of the autocorrelation of channel responses h i (t) for the mth user, a measure of temporal compression (focusing) that can be achieved in the absence of other users. To minimize ISI, it would be desirable to have a q-function that approaches a Dirac delta function. 7, 12 In practice, however, there always is some residual ISI which can be removed by a subsequent channel equalizer. When m 6 ¼ n, q mn (t) represents the crosstalk between users or MAI from competing users which degrades the performance of conventional multiuser communication.
B. Adaptive time reversal
The adaptive filter w j i ðtÞ then was developed to minimize the crosstalk between users. 9 Define a column vector d j as the collection of channel responses in the frequency domain between a user j to the M-element array
where T denotes the transpose operation. The filter response at each frequency f for focusing the array on user j is given by w j
where † denotes the complex conjugate operation. Note that R is a cross spectral density matrix exploiting knowledge of channel responses at the base station and r 2 I is a small diagonal loading for matrix inversion with I being an identity matrix. The optimal weights w j are calculated for all frequencies in the transmission band, transformed back to the time domain, and time-reversed, yielding a set of adaptive time reversal filters w 
III. MULTIUSER COMMUNICATION EXPERIMENT
The long-range acoustic experiment for multiuser communication (KY10-13) was carried out in November 2010, south of Japan, as illustrated in Fig. 2 . A 114-m long, 20-element VRA (M ¼ 20) was deployed at Point A (square) at around the sound channel axis ($1000 m depth), spanning the water column from 940 m to 1054 m with 6-m spacing. The experiment involved two different projectors, denoted by T1 and T2 whose source levels were 197 and 186 dB re 1 lPa at 1 m, respectively, each having the same 100-Hz bandwidth (450-550 Hz). The T1 source was suspended from the R/V Kaiyo at Points B and C, 150 km and 180 km away from the receiver array, respectively. At these short ranges, T1 was deployed to three different depths: 2000 m, 2500 m, and 3000 m. At the $500 km long range (D), both of the sources were separated by 3 km in range and deployed to $1000 m depth: T1 was suspended from the R/V Kaiyo in dynamic positioning mode while T2 was moored. The bathymetry along the propagation path is shown Fig. 2(c) . The sound speed profiles measured at various locations and times indicate that the environment is quite stable and timeinvariant during this experiment.
Communication signals were transmitted from various depths and ranges to the base station (A). At shorter ranges (150 km and 180 km), the information-bearing signal consisted of a total of 1530 symbols ($15 s transmission duration), modulated by binary-phase shift keying (BPSK) with a bit rate of 100 bits/s. The shaping pulse 13 was a square-root raised cosine filter with a roll-off factor of b ¼ 0.5 and the carrier frequency was 500 Hz, although the effective bandwidth of the transducer was limited to 450-550 Hz. A 511-digit msequence ($5 s) was transmitted in the preamble as a channel probe required for time reversal combining (see Fig. 1 ). Received signals at selected ranges and depths were synthesized asynchronously to generate multiuser communication sequences for subsequent processing as described in Sec. IV, assuming that the multiple users are spatially distributed either in range or depth.
At 500 km range (D), the two sources (T1 and T2) transmitted independent signals simultaneously to the base station for a more realistic multiuser communication scenario. Communication signals similar to those at short range were transmitted except that there was no separate channel probe transmitted in a preamble. For channel estimation purposes, the entire set of symbols (1530) were used as a channel probe for each user by treating them as a m-sequence, similar to the Kasami sequences employed in Ref. 11.
IV. PERFORMANCE ANALYSIS A. Three users at 180 km range
In this section we consider the case where three users are separated in depth at the same 180 km range (marked by C in Fig. 2 The performance of conventional multiuser communication can be assessed qualitatively by the characteristics of the q(t)-function which depends on the spatial distribution of the array at the base station and the channel complexity through h j i ðtÞ. A typical channel response for user 1 observed on the middle of the receive array is shown in Fig. 3(a) , indicating about 0.5 s delay spread with a few multipaths. The conventional q mn (t) defined in Eq. (1) is shown in Fig. 4 (3 Â 3 matrix), which is normalized with respect to the peak value. The panels on the diagonal show the temporal compression that can be achieved for each user in the absence of other users. The sidelobes of user 1 (upper left corner) appear relatively high on both sides around the mainlobe (symmetric) while its main peak is equal to 1, indicating that user 1 is strongest in terms of energy (or intensity). Indeed, the input SNR for each user (j ¼ 1, 2, 3) averaged over the 20-element array was 16.2 dB, 14.2 dB, and 11.8 dB, respectively. On the other hand, the off-diagonal panels represent the crosstalk among users (or MAI) that is spread about 1 s around the main peak, which would degrade the performance of multiuser communication. Note that the dynamic range of the off-diagonal panels is an order of magnitude smaller. Because of symmetry of the q mn (t), only upper triangular components are shown in Fig. 4 .
In comparison, the modifiedq mn ðtÞ defined in Eq. (4) for adaptive time reversal (ATR) is shown in Fig. 5 . Not surprisingly, the crosstalk between users displayed in offdiagonal panels is reduced significantly such that its level is almost comparable relatively to the sidelobe level in diagonal panels, despite the different dynamic ranges. Further, the diagonal panels indicate an improved temporal compression in terms of narrower mainlobe width and lower sidelobe level over the conventional counterparts shown in Fig. 4 . The reduction in sidelobe level is noticeable in user 1. Thus, the ATR approach will be employed in this paper to mitigate the MAI. Note that the jth column collectively contributes to the ATR multichannel combiner output which focuses on user j.
The signals received separately from three users at different depths then are combined asynchronously to generate a multiuser communication signal. A spectrogram illustrating the creation of a synthetic, asynchronous multiuser data packet from the middle element at 1000 -m depth is shown in Fig. 6 . Note that the packet from user 3 (top) is delayed by about 10 s with respect to user 1 while the packet from user 2 is delayed by about 5 s. For convenience, the combined data packet (bottom) will be divided into five blocks (separated by vertical dotted lines) where each block consists of either a single, or multiple (2 or 3) users.
The ATR approach was applied to separate each user from the synthesized received signal, followed by a single channel DFE (ATR-DFE) with a second order phase-locked loop (PLL). 10 The performance of three user communication is summarized in Fig. 7 in terms of mean-square error (MSE) and scatter plots with corresponding output SNR and bit errors in each of the blocks. The MSE (top) is calculated with a moving average over 151 symbols. The recursive least square (RLS) algorithm was employed to update adaptively the DFE equalizer taps with a forgetting factor of k ¼ 0.99. Note that the first 200 symbols from each user were used for training (N T ¼ 200). Fractionally spaced equalizers (i.e., two samples per symbol) are used for feed forward filters, and the number of feed forward (FF) and feedback (FB) filter taps employed for each user is specified in Fig. 7 . The proportional and integral phase tracking constants for the PLL were P 1 ¼ 0.01 and P 2 ¼ 0.001, respectively.
As a baseline, the performance of the single user case is 13.9 dB (first block, user 1) and 12.5 dB (last block, user 3), respectively. In the second and fourth blocks of the combined packet in which the transmissions from two users collide, the ATR-DFE led to pairs of output SNRs of 11.3 dB and 10.5 dB (users 1 and 2) and 10.5 dB and 10.2 dB (users 2 and 3), respectively. A roughly 3 dB performance decline between single and two-user performance is consistent with previous work reported in shallow water. 10, 11 In the middle (third) block where transmissions from three users collide, an additional $2 dB degradation from the two-user case is observed in Fig. 7 . This synthesized example demonstrates that multiuser communication is feasible in deep water over FIG. 4 . Conventional time reversal: crosstalk among three users represented by the q mn (t) defined in Eq. (1), normalized with respect to the peak value. The panels on the diagonal show temporal compression that can be achieved for each user in the absence of other users. The sidelobes of user 1 (upper left corner) appear relatively high on both sides of the mainlobe. On the other hand, the off-diagonal panels indicate the crosstalk between users. Note that the dynamic range of off-diagonal panels is an order of magnitude smaller. Because of symmetry of the q mn (t), only the upper triangular components are shown. a 180 km range for users at three different depths, achieving an aggregate data rate of up to 300 bits/s.
B. Two users at 150 and 180 km ranges
In this section we consider the case where two users are distributed in range at the same 3000-m depth: 150 km (B) and 180 km (C). Similar to Sec. IV.A, signals received from B (user 2) and C (user 1) are combined asynchronously to generate a two-user communication signal, consisting of three blocks as shown in Fig. 8 . The packet from user 2 is delayed by 7.65 s (i.e., 765 symbols) with respect to the packet from user 1. The performances of the single user cases are 15.9 dB and 14.0 dB, respectively. Then the middle $7 s of the combined packet in which the transmissions from two users collide, the ATR-DFE resulted in output SNRs of 13.2 dB and 11.1 dB, respectively. Roughly a 3 dB performance decline between single and two-user performance has been experienced by each user as in the previous example. The error-free performance suggests that two users separated by 30 km in range can transmit independent messages to the base station and achieve an aggregate data rate of 200 bits/s.
C. Two users at 500 km range
In the previous examples, single-user receptions were combined together to synthesize multiuser communication sequences at short ranges for up to three users where the multiple users were distributed either in depth or range, The crosstalk between users in off-diagonal panels is reduced significantly from their conventional counterparts shown in Fig. 4 . In addition, the diagonal panels show an improved temporal compression in terms of narrower mainlobe widths and lower sidelobe levels.
providing a baseline comparison between multiuser and single-user decoding performance. At 500 km range (D), two sources T1 (user 1) and T2 (user 2) were deployed to the same $1000 m depth but separated by approximately 3 km in range. Thus, communication signals mostly were transmitted simultaneously to the base station at 500 km range during this portion of the experiment. Since the maximum source level of T1 was much higher than T2 (about 11 dB) as described in Sec. III, the transmit level of T1 was reduced approximately 6 dB to make it more comparable to the transmit level of T2.
An independently received probe signal from each user was not available for these data and thus the entire sequence of BPSK symbols (1530) was used twice for channel estimation (training mode) and then decoding. Cho et al.
11 recently demonstrated that the unique Kasami sequences could be used for each user in the preamble for detection and channel estimation. An estimated channel response for user 1 on the middle of the receive array is shown in Fig. 3(b) , indicating about 2 s delay spread with a number of arrivals observed which is typical when both source and receiver are located at around the sound channel axis in deep water. 4 The decoding performance of two-user simultaneous data packet is presented in Fig. 9 using the ATR-DFE. As in Secs. IV A and IV B, the first 200 symbols were used for training (N T ¼ 200). However, a different forgetting factor (k) and PLL constants (P 1 and P 2 ) are employed here for each user. Even with the reduction in the transmit level of T1, user 1 remained stronger than user 2 (about 5 dB) resulting in output SNRs of 11.4 dB and 6.4 dB, respectively. In comparison, single-user performance (user 2) with T1 off is displayed in Fig. 9 (lower right corner) with an output SNR of 9.4 dB, a 3 dB difference between single and two-user performance. This experimental result demonstrates that indeed two users can transmit information simultaneously to the base station at $500 km range with an aggregate data rate of 200 bits/s in deep water.
V. SUMMARY
Multiuser communication was investigated using experimental data (450-550 Hz) collected in deep water between a short vertical array (base station) and sources distributed in range and depth. To provide a baseline between single-user and multiuser communication, signals received at 150 km and 180 km ranges were combined together asynchronously to synthesize multiuser communication sequences. Adaptive time reversal was applied to separate the collided data packets followed by a single channel equalizer, achieving an aggregate data rate of 300 bits/s for up to three users at these ranges. Then it was demonstrated that two users separated by 3 km in range can transmit messages simultaneously to the base station at 500 km range with an aggregate data rate of 200 bits/s. 
